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A common limitation of experiments using color centers in diamond is the poor photon collection efﬁciency
of microscope objectives due to refraction at the diamond interface. We present a simple and effective technique
to detect a large fraction of photons emitted by color centers within a planar diamond sample by detecting light
that is guided to the edges of the diamond via total internal reﬂection. We describe a prototype device using
this “side-collection” technique, which provides a photon collection efﬁciency ≈47% and a photon detection
efﬁciency ≈39%. We apply the enhanced signal-to-noise ratio gained from side collection to ac magnetometry
using ensembles of nitrogen-vacancy (NV) color centers, and demonstrate an ac magnetic ﬁeld sensitivity
≈100 pT/
√
Hz, limited by added noise in the prototype side-collection device. Technical optimization should
allow signiﬁcant further improvements in photon collection and detection efﬁciency as well as subpicotesla
NV-diamond magnetic ﬁeld sensitivity using the side-collection technique.
DOI: 10.1103/PhysRevB.85.121202 PACS number(s): 76.30.Mi, 42.79.Gn, 07.55.Ge, 78.55.−m
A wide variety of ﬂuorescent point defect centers in dia-
mond have been identiﬁed, with possible applications toward
quantum information and biological imaging.1 One such color
centerthathasattractedconsiderableattentionisthenegatively
charged nitrogen-vacancy center (NV) [Fig. 1(a)], which has
an electronic structure that allows for optical initialization and
detection of the electronic spin, and coherent manipulation of
the spin state,2 with long room-temperature spin coherence
times.3 Demonstrated applications of NVs include single pho-
ton generation,4,5 quantum information processing,6–8 super-
resolution microscopy,9,10 nanoscale magnetometry using a
single NV,11,12 and vector magnetic ﬁeld imaging using
ensembles of NVs.13 For all of these applications, the photon
collection efﬁciency is critically important.
Conventionally, photons emitted from NVs in a bulk
diamond substrate are collected using a microscope objective
with a large numerical aperture (NA). However, refraction at
the ﬂat diamond interface reduces the effective NA of the
objective by a factor equal to the refractive index of diamond
(nd = 2.4), resulting in a photon collection efﬁciency (ηc)
 10% (assuming a maximum objective NA of 1.49).14,15
Photon detection efﬁciencies (ηd) < 2% are typical when
detector coupling and quantum efﬁciencies are taken into
account.
We note that NVs in diamond nanostructures can avoid the
ηc degradation caused by a bulk diamond interface. For ex-
ample, NVs in subwavelength-size diamond nanocrystals can
be approximated as point emitters in the medium surrounding
the nanocrystal, yielding higher ηc but lower emission rates
duetoincreasedexcited-statelifetime.4 LightfromNVsinside
fabricated diamond nanowires is primarily emitted along the
nanowire symmetry axis, allowing ηc ≈ 40%.5 However, NVs
in diamond nanostructures typically have much shorter spin
coherence times16 than those in bulk diamond.3,17 One ap-
proachtoincreaseηc forNVsinbulkdiamondistoconstructa
solid-immersionlens(SIL)outofthediamondsubstrate,using
either macroscopic18 or microscopic19 fabrication techniques.
Light from NVs at the center of a hemispherical diamond
SIL passes through the surface at normal incidence, allowing
20% <η c < 30%. However, this improved photon collection
efﬁciency is limited to NVs lying <30 μm from the center
of a macroscopic SIL.18 For a larger ﬁeld of view, or for
large-volume ensemble measurements in bulk diamond, a
different collection-enhancement technique is required.
Here we demonstrate an efﬁcient ﬂuorescence detection
technique that uses the planar diamond chip containing
the color centers as an optical waveguide. For this “side-
collection” technique, photons emitted by the color centers
are conﬁned between the two parallel diamond chip surfaces
by total internal reﬂection (TIR) and guided to the sides
(edges) of the diamond chip, where they pass through a
ﬁlter onto a detector [Figs. 1(b) and 1(c)]. This technique
avoidscomplicatedfabricationproceduresandallowsefﬁcient
photon detection from color centers located anywhere within
the diamond volume.
We estimated the expected efﬁciency of the side-collection
techniqueusingtheoreticalmodelsoftheaverageNVemission
pattern and realistic approximations of the diamond chip
geometry and acceptance angles of the detectors.14,15 We ﬁnd
that≈91%oftheNVﬂuorescenceisconﬁnedbyTIRbetween
the polished (100) planar surfaces of the diamond chip, and
≈29% reaches the detectors on ﬁrst incidence of the photons
with the diamond chip sides (edges). Much of the light also
undergoes TIR off the sides, but may reach the detectors after
many reﬂections within the diamond. We therefore expect
29% <η c < 91%fortheside-collectiontechnique,depending
on details of the experimental geometry, diamond chip surface
properties, etc. Note that this estimate neglects reabsorption
of NV ﬂuorescence by other NVs in the diamond, which
is a negligible effect for the diamond sample used in the
measurements described below, but may be signiﬁcant for
diamonds with much larger NV concentrations.20
We constructed a prototype device to compare the side-
collection technique to ﬂuorescence detection using a mi-
croscope objective [Figs. 2(a)–2(c)]. This prototype instru-
ment employed a [100]-oriented diamond chip (4.3m m×
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FIG. 1. (Color online) (a) The NV color center consists of a
substitutional nitrogen atom (N) adjacent to a vacancy (V) in the
diamond lattice. (b) In the side-collection technique, a focused laser
beam excites color centers in a speciﬁc volume within the diamond,
and much of the resulting ﬂuorescence is detected after it exits
one or more sides of the diamond waveguide. In the demonstration
experiments reported here, four photodetectors are arranged around
thefourprimarysidesofthediamondchip.(c)Raydiagramsillustrate
refraction at the diamond surface and light guided by total internal
reﬂection above the critical angle (θc = 24.6◦). (d) Red-ﬁltered
photograph of NV ﬂuorescence from the diamond chip used in the
demonstrations reported here. Guiding of NV ﬂuorescence light is
evident as a bright glow around the diamond’s perimeter, while a
532-nm laser beam passes through its center.
4.3m m× 0.2 mm) grown via chemical vapor deposition
(CVD) with a high NV density ∼1015 cm−3 (Apollo Dia-
mond, Inc.) [Fig. 1(d)]. Four 650-nm long-pass optical ﬁlters
(Edmund Optics NT62-979, cut into rectangular pieces with a
water jet cutter) were placed in contact with the edges of the
diamond. The ﬁlters transmitted most of the NV ﬂuorescence
band (∼637–800 nm), while reﬂecting scattered 532-nm
light used to excite the NVs. Four chip-style Si photodiodes
(Advanced Photonix PDB-C609-2) were afﬁxed to the backs
of the ﬁlters. Because the ﬁlters were on a 2-mm-thick quartz
substrate, large active-area photodiodes (6 mm × 7 mm) were
employed to maximize the detection acceptance angle. Future
designs may employ smaller detectors with thin optical ﬁlters,
and fewer detectors if one or more edges of the diamond chip
are polished and mirror coated.
Wecalibratedtheprototypedevice’sphotonside-collection
efﬁciency by comparing it against a microscope objective
with known ηc, using a wide-ﬁeld epiﬂuorescence microscope
conﬁguration [Fig. 2(a)]. Light from a 532-nm laser was
focusedintothediamondsamplebyamicroscopeairobjective
(NA = 0.40). The objective also collected NV ﬂuorescence,
and directed it to a ﬁlter and photodiode identical to those
used for side collection. The objective’s low NA guaranteed
that its line of sight was not obstructed by the side-collection
ﬁlters. In Fig. 2(d), we compare the integrated number
of ﬂuorescence photons detected with the two collection
modalitiesduringa300-nsdurationpulseof532-nmexcitation
laserlight,atvariouslaserpowers.Theintegratedphotoncount
was measured by alternately connecting a charge-sensitive
laser power (W)
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FIG. 2. (Coloronline)(a)Prototypedevicetocomparethephoton
collection and detection efﬁciency of the side-collection technique
with that of a 0.4-NA microscope objective (Obj), using a high
NV-density diamond chip, 532-nm excitation laser, dichroic mirror
(DM), 650-nm long-pass ﬁlter (LP), and Si photodiodes (PD). (b)
Photo of the side-collection prototype device (partially disassembled
for viewing of the interior). The inset shows the locations of the
LPs and PDs in relation to the diamond chip. (c) Side-collection
and microscope objective optical signals were recorded using a
charge-sensitive ampliﬁer. (d) NV ﬂuorescence (number of photons)
detected by the two collection modalities during a 300-ns pulse of
the excitation laser (532 nm), as a function of laser power, shows a
100-times larger side-collection signal.
ampliﬁer(CrematInc.CR-112)tothephotodiode(s)ofthetwo
collection paths, and recording the average signal amplitude
[Fig. 2(c)]. We found that the side-collection signal had
a 100 ± 5 times larger photon count than the microscope
objective signal under identical experimental conditions. The
theoretically estimated collection efﬁciency for the micro-
scope objective was 0.59%.14,15 Transmission losses through
the objective, dichroic, and ﬁlter reduced the fraction of light
reaching the detector to ηc ≈ 0.47%. The average quantum
efﬁciency of the photodiode within the NV emission band at
near-normal incidence ≈83%, indicating ηd ≈ 0.39%. This
implies that the NV ﬂuorescence detection efﬁciency of the
side-collection prototype device ≈39%, while the fraction of
photons reaching the four side-collection photodiodes (over
a wide range of incidence angles) was  47%. Note that
this is ≈5 times larger than the ideal collection efﬁciency
of a microscope objective with NA = 1.49, neglecting losses
between the objective and detector.14,15
We also conﬁrmed that the optical signals in the two
detection paths were due to NV ﬂuorescence by sweeping
the frequency of a microwave ﬁeld across the characteristic
NV electron spin resonance at 2.87 GHz, with zero magnetic
ﬁeld.21 The ﬂuorescence signal in both detection paths de-
creased on resonance by a similar amount ≈17%, indicating
that the side-collection ﬁlters selected NV ﬂuorescence as
effectively as conventional ﬂuorescence microscopy.
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FIG. 3. (Color online) (a) Optical and microwave spin-echo
pulse sequence used for NV-diamond ac magnetometry with the
side-collection prototype device (Refs. 11 and 14). An optical pump
pulse prepares the NV spins in the |ms = 0  state; a microwave
spin-echo sequence allows the NV spins to probe an applied 20-kHz
magnetic ﬁeld; and an optical readout pulse allows measurement of
thechangeinNVspin-dependentﬂuorescencecomparedtotheinitial
state. (b) By varying τ with Bac = 0, we measure the NV spin-echo
decoherence curve shown, with a greatly enhanced signal-to-noise
ratio(SNR)providedbytheside-collectiontechnique.(c)VaryingBac
with τ = 50 μs produces the NV-diamond ac magnetometry curve
shown. The zoomed-in region of the curve near Bac = 0 depicts the
mean and standard deviation of a large number of ac magnetometry
measurements, each lasting 57 μs. The ±0.071% uncertainty in the
signal (vertical error bars) corresponds to a ±13 nT uncertainty
in Bac (horizontal error bars) for a single measurement, yielding
100 pT/
√
Hz sensitivity for a laser excitation volume ∼10−4 mm3.
One important application of the side-collection technique
is sensitive magnetometry using ensembles of NV spins in a
diamond chip.13,22 To demonstrate this application using the
side-collection prototype device, we performed ac magnetom-
etrywith∼108 NVscontributingtothemagnetometrysignalin
a∼10−4 mm3 laserexcitationvolume,usingthestandardspin-
echo technique described in Ref. 11 [Fig. 3(a)].14 We applied
a 37.5-G static magnetic ﬁeld in the [111] direction, so that
we could use an applied microwave ﬁeld to resonantly select
|ms = 0 ↔| ms = 1  spin transitions of [111]-oriented NVs,
as in Ref. 13. (One-quarter of the total number of NV spins are
resonantly manipulated with this method, as NV orientations
are distributed equally among the four crystallographic axes.)
By sweeping the spin-echo duration (τ), we generated a
T2 coherence curve with revivals at even multiples of the
13C nuclear precession period [Fig. 3(b)].11 We extracted
T2 = 35μsforthishighNV-densitydiamondsample.Wethen
generatedthemagnetometrycurvein[Fig.3(c)]byvaryingthe
amplitude of a 20-kHz ac magnetic ﬁeld, with τ = 50 μs.
Magnetometer sensitivity η is deﬁned in terms of the mini-
mumdetectablemagneticﬁeldBmin afteragivenmeasurement
averaging time T, Bmin ≡ η/
√
T. For NV ac magnetometers
operating near the maximum slope of the ac magnetometry
curve, η can be written analytically in terms of the minimum
detectable magnetic ﬁeld bmin from a single measurement
with duration tm, assuming that T/t m measurements are made
during an averaging interval T:
η = bmin
√
tm  
π¯ h
4μB
√
tm
(S/σ)βτ
, (1)
where μB is the Bohr magneton, S/σ is the signal-to-noise
ratio(SNR)ofasinglemeasurement,andβ isthemeasurement
contrast (amplitude divided by mean of the ac magnetometry
curve).22 For magnetometry measurements at zero ac ﬁeld
amplitude with tm = 57 μs, we found S/σ = 1.4 × 103 [see
Fig. 3(c)], corresponding to a sensitivity ≈100 pT/
√
Hz.3,23
For an ideal measurement, tm ≈ τ ≈ T2, and the SNR is
limited by photon shot noise, S/σ =
√
N, where N is the
number of photons detected in a single measurement, so that
η ∝ 1/(β
√
NT2). The best previously reported NV magne-
tometer sensitivity was 4 nT/
√
Hz, using a single NV in an
isotopically pure diamond with T2 = 1.8m s , 3 where typically
β ≈ 0.15 and N ≈ 0.024 for such measurements.11 For our
ac magnetometry measurement, N ≈ 2 × 108, illustrating the
improved SNR that can be obtained by making ensemble
measurements with enhanced collection efﬁciency. From Eq.
(1) and the shot-noise-limited SNR (
√
N = 1.4 × 104), we
would have expected an ideal sensitivity ≈9p T /
√
Hz, but
our magnetometer sensitivity was instead limited by electrical
noise in the detection circuitry of the prototype side-collection
device.14 We expect that this added noise can be signiﬁcantly
reduced in future, optimized side-collection instruments, and
that shot-noise-limited sensitivities below 1 pT/
√
Hz could
be achieved by increasing the measurement volume, and
lengthening the NV T2 through diamond engineering3 or
dynamic decoupling techniques.24
The photon detection enhancement of the side-collection
technique has many other potential applications. For example,
magnetometry may be extended to magnetic ﬁeld imaging by
using a thin layer of NVs near the diamond chip surface13
by scanning the laser focus while making time-resolved
side-collection ﬂuorescence measurements. The high SNR
provided by side collection also greatly increases the speed
of NV ensemble measurements, which may be used to study
decoherence processes and develop NV spin manipulation
protocols for magnetometry and quantum information. For
example, the NV decoherence and magnetometry data shown
in Fig. 3 was generated with <0.3 s of signal averaging time
per data point, which is orders of magnitude shorter than the
time that would be required to achieve comparable SNR using
a microscope objective. The side-collection technique should
also be applicable to single NV measurements using a tightly
focused laser beam for NV excitation. However, because side
collection accepts out-of-focus light, a thin, pure diamond
would likely be required to isolate single NVs in the excitation
volume.Usingsidecollectiontoincreasethephotoncountrate
from a single NV could increase the speed and precision of
NV super-resolution imaging9 and magnetometry.10 It would
also improve NV quantum-state readout ﬁdelity, and may
be used in conjunction with existing techniques to achieve
single-shot readout of the NV spin for quantum information
applications.7
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